A c c e p t e d M a n u s c r i p t  Drop dispersion and evolving rheology of dense emulsions is modelled  RANS method along with sliding mesh is used to simulate a high shear rotor stator mixer  Coupled CFD-PBM simulations provide good predictions for drop breakage and shear thinning behavior of emulsion viscosity.
A c c e p t e d M a n u s c r i p t gave results that agree qualitatively with experimental data demonstrating that 56 CFD-PBM approaches are useful for the design of high-shear rotor-stator mixers.
58
In concentrated emulsions, the dispersed phase volume fraction plays an important role in the emulsification process. As pointed out by Pal [5] , rheology of emulsions is intimately linked to the deformation and orientation of drops suspended in the continuous phase. Fine emulsions have much higher viscosities and stronger shear thinning behaviour than coarse emulsions for the same dispersed phase volume fraction. There is a limited amount of literature on the viscosity of high internal phase emulsions, and semi-empirical models such as Hershel-Bulkley and Cross correlations have often been used to characterise the viscosity in such systems [6] [7] [8] . The theoretical modelling of the viscosity behaviour has to take into account deformation and orientation of drops suspended in the continuous phase. The equilibrium shape and orientation of the drop with respect to the flow direction is governed by a balance between 4
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A c c e p t e d M a n u s c r i p t hydrodynamic stress (µ cγ ) and interfacial stress (σ/R) expressed through the capillary number which is defined as
As the capillary number increases with shear rate, the drop elongates and ori- The nature of internal forces depends on the viscosity of the dispersed phase. For 82 a low viscosity dispersed phase, the cohesive force comes from interfacial tension, while for high viscosity dispersed phase, there are additional contributions from 84 viscous shear stresses within the drop.
5
A c c e p t e d M a n u s c r i p t
For low dispersed phase viscosity systems, the maximum stable equilibrium drop size when inertial forces are responsible for breakage can be expressed as
whereas if viscous stresses become important for breakage, then [11] d ≈ ν
To compare these mechanistic drop size correlations to results obtained from simulations or experiments, the turbulence energy dissipation rate is related to process parameters. In case of rotor-stator mixers, dimensional analysis leads
Combining Equation (2c) with Equation (2a) 
summary of the key theoretical correlations to predict mean droplet size, adapted f Padron (2005). M a n u s c r i p t
Mechanism Correlation in terms of
ε Co dimensio Inertial stresses; d → 0; s ≫ v d max ∝ c c 2 1/3 ε −1/3 (7) d 32 D ∝ (We Inertial stresses; d → 0; s ≫ v d max ∝ 4 c c 5 1/7 ε −2/7 (9) d 32 D ∝ (We Viscous stresses; d → 0; s ≫ v d max ∝ ( c c ) −1/2 ε −1/2 (11) d 32 D ∝ (
Computational fluid dynamics

122
The CFD simulations in this work are performed using theÉlectricité de France (EDF) open source CFD solver Code Saturne (www.code-saturne.org).
124
Code Saturne is an unstructured collocated finite volume solver for incompressible flows [13] . In this study unsteady RANS simulations were performed; these Sufficient near-wall mesh resolution was present to require the use of a low-
134
Reynolds number turbulence model. Turbulence was therefore treated using the k − ω SST model [15] . The choice of the SST model thus allows Dirichlet
136
conditions on k and ω to be imposed at the wall instead of using wall functions.
The governing equations were defined for a non-inertial reference frame, for 
152
A number of simulations were carried out in this study with rotational speeds of N = 3000, 6000, 9000 and 11, 000 rpm. On the inlet faces a mass inflow bound-
154
ary condition of flow rate Q M = 600kg/h was imposed and turbulence intensity of 5% was specified. Standard outflow boundary conditions were used and sym- 
Population balance modelling
168
The population balance equations (PBE) [20, 21] for the transport of the number density of drops, n(d, x i ; t), is solved using the Quadrature methods of moments (QMOM) [22] . In this method, moments of the drop size distribution are taken with respect to the internal co-ordinate (drop diameter, d). The PBE for the moments can be written as
with the integrals approximated using 2-point Guassian quadrature [23]
The weights and abscissa of the quadrature are determined using the ProductDifference algorithm [24] . The source and sink terms arising from birth and 170 death of drops is modelled using a breakage frequency kernel function, g(d i ), and a daughter size distribution function β(d|d i ) [25] . r when averaged over a domain of size r, the following relation holds:
Here is the mean value of the local turbulence energy dissipation. This relation is taken to be valid down to r ∼ η K . The instantaneous values of the inertial and viscous turbulent stresses experienced by a drop of size r can then be represented as
and
respectively. Here the fluid properties are taken to be that of the emulsion. The 174 probability of turbulent events described by the multifractal scaling exponent α is determined by the multifractal spectrum f (α). A polynomial expression 176 for the multifractal spectrum f (α) reported in the works of Baldyga et al [26] is applied in the model. The breakage kernel function is formulated to account 178 for breakage of drops in both the turbulent inertial and the viscous regimes.
M a n u s c r i p t
The viscous contribution to breakage is expected to become important as the 
184
In highly concentrated emulsions, the droplets become neighbours and thus more closely packed. This close packing is expected to produce a reduction in drop size of the emulsion [32] . Therefore, the breakage kernel function is sensitised to the effect of close packing of drops. The resulting expression for the breakage frequency kernel is given by a sum of the inertial (Equation (6a)) and viscous contributions (Equation (6b)) as:
where,
A non-dimensional factor representing the close-packing of drops is repre-
With an increase in phase fraction, the space for free 186 movement of the drops is reduced. This factor thus takes into account the contribution to breakage due to drop-drop interaction. Similar modifications 188 to particle collision frequency have been reported in [33] . A c c e p t e d M a n u s c r i p t factor η eff drops from unity at low rotor speeds to 0.6 at 6000 rpm and 0.075 at higher rotor speeds [4, 34].
196
The variation of the breakage frequency kernel functions with drop-size is shown in Figure 3 . As expected, the viscous breakage kernel dominates at the According to the model of Pal [5] , the relative viscosity (µ/µ c ) of an emulsion, with dispersed phase fraction φ and dispersed phase viscosity µ d = Kµ c , can be expressed functionally as
Here the capillary number N Ca is defined using Equation (1). Baldyga et al equivalent radius R z of the emulsion system is determined and used in Equation (1). For a given emulsion system i.e., for fixed values for K, φ and φ m , Equation (7a) reduces to η r = f (N Ca ) and can be fit using the following relation 
Non-Newtonian Emulsion flow
The results of the CFD-PBM simulations for the case of a 10mPas silicone 252 oil-water emulsion system are now presented. The fluid properties are listed in Table 1 . The simulation was initialised throughout the mixer domain with Corresponding results for the turbulence energy dissipation is shown in Figure 9 . The effect of rotor speed on the drop size is summarised in Figure 13 entropy method [40] [41] [42] . This reconstruction method was implemented using the multidimensional root-finding algorithms [43] of the GNU Scientific Library Rotor speed (rpm) 76% P T 52% P T 76% P ε 52% P ε 76% P τ 52% P τ The viscosity of infinitely dilute non-colloidal emulsions were first derived by Taylor [56] as
This equation is valid in the limit of φ → 0 and N Ca → 0. 
